Background. Cardiovascular disease is a leading cause of death among renal transplant recipients. Aortic calcification is associated with increased mortality in dialysis subjects. The significance of aortic calcification among renal transplant recipients is unknown. Our objective was to prospectively examine the association of aortic calcification with cardiovascular events and all-cause mortality among asymptomatic incident renal transplant recipients. Methods. One hundred and twelve renal transplant recipients underwent electron beam computed tomography. Aortic calcification was scored by the Agatston method. The mean follow-up time was 5.1 years. Cardiovascular events (heart failure, coronary artery disease, peripheral arterial disease and stroke) and all-cause mortality were recorded. Results. The cohort consisted of 62% Caucasians, 38% African Americans and 62% male gender. The mean age was 49.0 ± 12.5 years. Thirty-four percent had aortic calcification. During follow-up, 12 cardiovascular events and 10 deaths were recorded. Subjects with aortic calcification had more cardiovascular events compared to those without aortic calcification (23.7 versus 4.1%, P = 0.001). Recipients with aortic calcification had higher mortality compared to those without aortic calcification but it did not reach statistical significance (15.8 versus 5.4%, P = 0.07). The univariate hazard ratio of aortic calcification score in a proportional hazard Cox model to assess event-free survival was 1.15 (1.04-1.27, P = 0.01). Diabetes and aortic calcification score were independently associated with survival. In addition to the predictors above, dialysis vintage was an independent predictor for combined future cardiovascular event and mortality.
Introduction
Chronic kidney disease (CKD) is associated with increasing risk for cardiovascular disease and cardiovascular events. Individuals with only moderately impaired renal function (e.g. CKD stages 2 and 3) are at an increased risk for cardiovascular disease as manifested by congestive heart failure and coronary artery disease [1] . End-stage renal disease (ESRD) patients are at the highest risk for cardiovascular disease. Renal transplantation is the best therapy for ESRD. However, despite an improvement in survival [2] , renal transplant recipients remain at an increased risk for cardiovascular disease compared to the general population.
Aortic calcification is a risk marker for cardiovascular disease, as it has been associated with coronary artery disease and stroke in the general population [3] . Aortic calcification has also been associated with heart failure [4] . Aortic stiffness, which leads to left ventricular hypertrophy, myocardial fibrosis and subsequent congestive heart failure and sudden death, is linked to aortic calcification. Aortic calcification is associated with age, hypertension and history of cardiovascular disease [5] . Among those without hypertension, aortic calcification was reported to be more prevalent in women [5] . Risk factors for aortic calcification in the dialysis population include calciumphosphorus product, age, dialysis vintage, blood pressure, smoking and diabetes mellitus [6] . In the dialysis population, aortic calcification is associated with vascular stiffness [7] and peripheral arterial disease [8] .
Aortic calcification predicts cardiovascular events and all-cause mortality 1315 Aortic calcification can be easily quantified using several non-invasive measures. However, there is a limited understanding of the predictive role of aortic calcification in this high-risk population. Our objective was to prospectively determine in a cohort of asymptomatic incident renal transplant recipients if aortic calcification predicts cardiovascular events and all-cause mortality.
Materials and methods

Subjects
A total of 112 consecutive incident renal transplant recipients from a single institution were enrolled in the study. A baseline questionnaire and medical record review provided biochemical, clinical and demographic data. Subjects were eligible for the study if they had no prior history of coronary artery revascularization, myocardial infarction or anginal symptoms as elicited by the Rose questionnaire [9] . Patients with a history of peripheral arterial disease or cerebrovascular accidents were not excluded from the study. This cohort has been previously described in studies related to coronary artery calcification [10, 11] .
Institutional Review Board approved this study and we have obtained written informed consent from all subjects.
Study end points
The primary end points for the study were cardiovascular events, defined as coronary artery disease (coronary artery bypass surgery, percutaneous intervention or myocardial infarction), heart failure, cerebrovascular accident or peripheral arterial disease (revascularization or amputation) and all-cause mortality. Heart failure was defined as hospital admission with an acute exacerbation. Patients were followed prospectively from the time of transplant to the occurrence of the first cardiovascular event and/or death. Follow-up was until 30 September 2008.
Electron beam computed tomography
We used electron beam computed tomography to evaluate thoracic aortic calcification in all subjects. Subjects were eligible if baseline electron beam computed tomography was performed within 6 months of transplant. Our methods have been described previously [10] . In summary, subjects underwent a single scan performed on a C-150 Imatron scanner (GE, San Francisco, CA, USA) within 6 months post-transplant. The same scanner was used for all subjects. Electrocardiographic triggering of scans was used to ensure that all images were obtained at the same phase in the cardiac cycle. Serial, contiguous, 3-mm-thick transverse images were obtained commencing at the root of the aorta cephalad to the coronary sinuses and proceeding caudad to the entire coronary tree. No contrast-enhancing agent was used. Quantity of aortic and coronary artery calcification was based on the calcific area, average density and the number of plaques in the coronary arteries and thoracic aorta [12] . Specifically, a total calcium score was calculated by multiplying the area of the calcified plaque by a coefficient based on the peak computed tomography number as originally described by Agatston [13] . The aortic calcification score was measured in three segments: root, ascending and descending aorta. We divided the standard deviation of each segment by the total score and the sum of all segments created a single total aortic score. The acquired images were reviewed on a TeraRecon workstation using the Aquarius program, version 2.1 (TeraRecon, San Mateo, CA, USA). During the study period, there were two readers for the electron beam computed tomography results who were blinded to the clinical course of the subjects.
Immunosuppression
Our standard immunosuppressive regimen comprised induction with rabbit antithymocyte globulin, followed by maintenance therapy with a calcineurin inhibitor (tacrolimus in the majority of patients) mycophenolate mofetil and low-dose prednisone (5 mg/day).
Data collected
The following information was collected for all subjects: demographics, comorbidities including hypertension, hypercholesterolaemia, diabetes, dialysis vintage, therapy for renal osteodystrophy including vitamin D, and phosphorus binders, statin use and smoking status. Physiologic parameters routinely performed for clinical care including haemoglobin, creatinine, calcium and phosphorus were abstracted. Estimated glomerular filtration rate was calculated at 3 months post-transplant using the Modification of Diet in Renal Disease formula [14] . A pre-transplant sample was analysed for a complete lipid profile (total cholesterol, triglycerides, apolipoprotein A1, apolipoprotein B and high-density lipoprotein). All plasma lipid assays were analysed using commercially available reagents from Sigma Diagnostics on an autoanalyser. High-sensitivity C-reactive protein was measured using commercially available reagents from Wako Diagnostics (Richmond, VA, USA). We used a sandwich enzyme-linked immunosorbent assay commercially available from R&D Systems (Minneapolis, MN, USA) to measure soluble intracellular adhesion molecule.
Statistical methods
Demographic and laboratory parameters were summarized by means ± standard deviations and medians for continuous measures and as percentages for categorical variables. Categorical values were analysed by chi-squared tests. Normally distributed variables were analysed by a t-test. A Kaplan-Meier analysis was used to compare event-free survival in patients with and without aortic calcification. A Cox proportional hazard analysis was used to evaluate the independent effect of aortic calcification on event-free survival and all-cause mortality. Results were considered statistically significant if the corresponding P-value ≤ 0.05. All analyses were done using Stata 10 (StataCorp, College Station, TX, USA). 
Results
The cohort was reflective of our centre's ethnic diversity with 62% Caucasians and 38% African Americans. Males comprised 62% of the cohort. The mean age was 49.0 ± 12.5 years (range 18.4-72.7). The most common cause of renal disease listed was hypertension (54%) followed by diabetes (31%). These aetiologies were not mutually exclusive. Diabetes was present in 39 subjects (35%). The baseline electron beam computed tomography was performed on average 2.6 ± 1.9 months after transplantation. The mean baseline aortic calcification score for the complete cohort was 208.1 ± 783.4 with a median of 0. Within the cohort, 38 subjects (34%) had aortic calcification. Demographics of the cohort according to the presence or absence of aortic calcification are presented in Table 1 . The group with no aortic calcification was younger, less likely to be African American, with shorter dialysis vintage or preemptive transplant, lower coronary artery calcification scores and had higher albumin values compared to subjects with aortic calcification. Sixty-two percent of the cohort had coronary artery calcification. While 31.3% had both coronary and aortic calcification, 35% had no calcification at either site. Patients with aortic calcification also had higher mean and median coronary artery calcification scores.
The mean follow-up was 5.1 ± 1.6 years. During the study period, 12 cardiovascular events and 10 deaths were recorded. Three recipients with cardiovascular events later expired. The cardiovascular events included heart failure (n = 5), coronary artery disease (n = 5) and peripheral arterial disease (n = 2). Only one subject with a history of peripheral arterial disease or cerebrovascular accident had a new cardiovascular event during the follow-up period. The causes of death were infection (n = 2), gastrointestinal bleed (n = 1), unknown (n = 4) and cardiac-related death (n = 3).
Recipients with aortic calcification had more cardiovascular events compared to those without aortic calcification (23.7% versus 4.1%, P = 0.001). Figure 1 depicts the unadjusted cardiovascular event-free survival curves for recipients with and without aortic calcification (P = 0.001). Recipients with aortic calcification had higher mortality compared to those without aortic calcification but it did not reach a statistical significance (15.8 versus 5.4%, P = 0.07).
Variables in Table 1 with a P-value <0.1 were used in a proportional hazard Cox model to assess event-free survival. The univariate hazard ratio of aortic calcification score was 1.15 (1.04-1.27, P = 0.01). Diabetes and aortic calcification score were independently associated with survival (Table 2) . Soluble intracellular adhesion molecule levels had a small but significant protective effect. In addition to the predictors above, dialysis vintage was an independent predictor for future cardiovascular event and mortality. 
Discussion
This is the first study to demonstrate that aortic calcification is predictive of cardiovascular events in a group of incident renal transplant recipients without prior history of coronary revascularization. In addition, we found that aortic calcification was an independent predictor of event-free survival in renal transplant recipients. The prevalence of aortic calcification in our cohort is much lower than the 85% reported in a prevalent transplant cohort, which had received a transplant on average 8 years before the scan [15] . It was also lower than that reported in a recent study of incident dialysis patients [7] . Although dialysis vintage was similar, subjects in our cohort were younger and comprised asymptomatic incident renal transplant recipients without a history of previous coronary revascularization or myocardial infarction; other studies included subjects with known coronary artery disease.
Several reports have documented the clinical importance of vascular calcification among dialysis patients; however, there is a paucity of studies in the renal transplant population. Vascular calcification among dialysis patients is thought to be a result of derangements in bone mineral metabolism and the use of therapies to correct those abnormalities. Calcification of peripheral arteries as detected by ultrasound and plain radiographs has been associated with all-cause and cardiovascular mortality in dialysis patients [16, 17] . Aortic calcification is also associated with all-cause and cardiovascular mortality among dialysis patients [18, 19] . Cardiovascular mortality among dialysis patients is frequently associated with congestive heart failure and sudden death. Ventricular hypertrophy and myocardial fibrosis, which lead to heart failure and sudden death from fatal arrhythmias, are thought to result from increased aortic stiffness, which is associated with aortic and coronary calcification [7, 20] .
Age and dialysis vintage are associated with presence of aortic calcification at the time of transplant in our study and this finding has been confirmed by others previously [15, 19, 21, 22] . Dialysis vintage has been associated with risk for cardiovascular events post-transplant [23] . Pretransplant vascular calcification burden, transplant-related factors, hyperparathyroidism, hypertension and new-onset diabetes mellitus after transplant, all may be contributing factors to this phenomenon. In our study, aortic calcification was not associated with history of smoking or systolic blood pressure as reported by others [22] .
There has been a strong association between nutrition, inflammation and atherosclerosis in chronic kidney disease [24] . Our study confirms this association in renal transplant recipients. Atherosclerosis is an inflammatory process. C-reactive protein is a marker of inflammation. We found that C-reactive protein was associated with aortic calcification presence at the time of transplant and aortic calcification progression post-transplant (data not shown). A recent cross-sectional study found an association of aortic calcification with C-reactive protein in dialysis subjects [25] . C-reactive protein has been found to be associated with presence of aortic calcification in some [26] , but not all studies [27] . C-reactive protein did not predict aortic calcification progression in the general population [26] . We did not find that C-reactive protein predicted event-free survival independently.
One of the earliest events in the formation of atherosclerotic plaque is the binding of leukocytes to intracellular adhesion molecule-1. In a small study of dialysis patients, soluble intracellular adhesion molecule was shown to be an independent risk factor for mortality independent of age, nutritional status, history of cardiovascular disease and high-sensitivity C-reactive protein [28] . The concentration of soluble intracellular adhesion molecule is modified by the use of blood pressure medications such as angiotensinconverting enzyme inhibitors and angiotensin receptor antagonists [29] . Although we believe that medication use may explain the difference in soluble intracellular adhesion molecule levels in our study (as patients with greater risk factors for atherosclerosis and heart failure may be preferentially placed on angiotensin-converting enzyme inhibitors and angiotensin receptor blockers), we were unable to find differential use of these medications between calcification groups in our study.
Diabetes has been associated with aortic calcification presence in prevalent dialysis subjects [19] . In our cohort, diabetes was associated with worse event-free survival and mortality. It is known that patients with diabetes are more likely to have heart failure [30] and have prolonged hospital length of stay when admitted for acute heart failure exacerbation [31] .
Given the high burden of cardiovascular disease in renal transplant recipients, developing means to better assess cardiovascular disease risk is important, especially due to the high prevalence of asymptomatic disease. Identification of aortic calcification among asymptomatic renal transplant recipients will identify a high-risk group for cardiovascular events and all-cause mortality. Vascular calcification is a marker of cardiovascular disease that can easily be assessed by several non-invasive means including electron beam computed tomography, plain radiographs and ultrasound. Although we used electron beam computed tomography in this study to identify aortic calcification, lesions can also be identified using plain soft-tissue X-ray. In the general population, aortic arch calcification identified by chest radiograph is associated with coronary artery disease and stroke, as well as increased risk for cardiovascular death in those younger than 65 years [32] [33] [34] [35] . Given the ease of identifying aortic calcification, this may be a simple means by which to further risk stratify renal transplant recipients.
We recruited a cohort without a history of myocardial infarction or coronary revascularization. Forty-two percent of cardiovascular events were related to heart failure, which is associated aortic calcification. Our results indicate that aortic calcification is a risk marker for all cardiovascular events including heart failure.
Although, the study represents the largest series of transplant patients with aortic calcification, the sample size is relatively small. The proportion of patients with aortic calcification may also be less in this study than the general transplant population as 24% of our cohort had preemptive transplants. Few cardiovascular events occurred as expected due to the inclusion criteria, so future studies in larger cohorts followed for a longer period of time post-transplant are needed.
In conclusion, aortic calcification is prevalent among renal transplant recipients without a prior history of coronary revascularization. Aortic calcification is predictive of cardiovascular events and is easily identified by non-invasive testing. Identifying aortic calcification should be considered when assessing cardiovascular risk in renal transplant recipients without a history of coronary artery disease, particularly in those with a history of diabetes, older or with elevated C-reactive protein.
